Little Strokes Fill Big Oaks: A Simple In Vivo Stain of Brain Cells  by Helmchen, Fritjof & Nevian, Thomas
Neuron
PreviewsLittle Strokes Fill Big Oaks:
A Simple In Vivo Stain of Brain Cells
Fritjof Helmchen1,* and Thomas Nevian2
1Department of Neurophysiology, Brain Research Institute, University of Zurich, CH-8057 Zurich, Switzerland
2 Institute of Physiology, University of Berne, CH-3012 Berne, Switzerland
*Correspondence: helmchen@hifo.unizh.ch
DOI 10.1016/j.neuron.2007.03.001
High-resolution functional imaging of neural activity in vivo relies on appropriate labelingmethods. In
this issue of Neuron, Nagayama et al. introduce a simple procedure for staining subsets of neurons
with organic calcium indicator dyes via local electroporation. Neuronal populations are sparsely
labeled, preserving the ability to resolve calcium signals in dendrites and synaptic structures.An old saying among neuroscientists
states, ‘‘The gain in brain is mainly
in the stain.’’ This notion clearly ex-
presses the fundamental importance
of staining methods for neuroscientific
research. Labeling techniques have
been and continue to be the crucial
step for both neuroanatomical analysis
using histological methods and mod-
ern functional analysis using activity-
dependent markers. For example, the
major insights gained at the end of
the 19th century into the organization
of the nervous system largely relied
on the development of the silver chro-
mate staining technique by Camillo
Golgi. The Golgi method stains only
a small fraction of cells but with high
contrast. This sparseness of the stain
turned out to be a major advantage be-
cause it permitted identification of in-
dividual cells and subcellular elements
within the dense neural tissue and thus
fostered ideas about how neuronal
circuits might be organized.
Nowadays, neuroscientists still face
the old problem of how to stain the
brain when they strive for functional
measurements of neural circuit activity
in living animals. Meanwhile, key tech-
nologies are at hand with deep-tissue
two-photon microscopy (Helmchen
and Denk, 2005) and a large tool-
box of activity-dependent fluorescent
probes—containing both ‘‘traditional’’
organic dyes such as commonly used
calcium indicators (Tsien, 1989) and
more recent activity-dependent fluo-
rescent proteins (Miyawaki, 2005;
Kno¨pfel et al., 2006). Besides the sen-
sitivity of the functional markers, themode of dye delivery remains a critical
issue. A number of labeling techniques
are available—ranging from physical
methods to genetic means—which
differ, however, with respect to their
efficiency, specificity, and simplicity.
Functional in vivo two-photon imag-
ing mainly relies on fluorescent indica-
tors reporting intracellular calcium
concentration. The most common
modes of applying the traditional
organic calcium indicators are intra-
cellular filling of individual cells via re-
cording electrodes (Svoboda et al.,
1997) and bulk-loading of membrane
permeable acetoxy-methyl (AM)-ester
forms of the indicator (Stosiek et al.,
2003). The latter method labels popu-
lations of neurons but also leads to
a diffuse stain of the neuropil with all
its axonal, dendritic, and glial compo-
nents (Kerr et al., 2005). The pros and
cons of these approaches are evident:
single-cell loading permits high-
resolution investigation of dendritic
signaling down to the synapse level,
while bulk loading is well suited for
investigating population activity, albeit
without the option to identify subcellu-
lar compartments with high contrast
(Figures 1A and 1B).
In this issue of Neuron, Wei Chen’s
group presents yet another approach
to deliver organic indicators to neu-
rons (Nagayama et al., 2007). This
novel method results in an interme-
diate, Golgi-like sparse labeling of
neuronal populations. They filled a
micropipette with a micrometer-sized
tip with high concentrations (5%–10%
w/v) of calcium indicators (either asNeuron 53dextran conjugates or in their salt
form) and inserted the pipette into the
brain of anesthetized mice. Through
the same pipette, they then applied
more than one thousand mild electrical
pulses (5 mA for 25 ms) over a period
of 10 min. Surprisingly, using this
procedure the dye deposited in the
extracellular space was taken up by
a subset of neurons in the vicinity of
the stimulation site, and these neurons
were crisply labeled with calcium
indicator following washout of the
extracellular stain within 1–2 hr (Fig-
ure 1C). Because dye uptake critically
depended on electrical stimulation,
the most likely explanation for this ob-
servation is that each electrical pulse
caused a transient permeabilization
of nearby cell membranes through
electroporation (although a potential
role of activity-dependent uptake at
synapses remains possible). The for-
mation of nonselective membrane
pores leads to the repeated delivery
of tiny extracellular droplets of highly
concentrated calcium indicator to the
cytosol of the affected cells. The accu-
mulation of many droplets in these
cells and subsequent diffusional equil-
ibration throughout their dendritic
trees result in sufficiently high intra-
cellular dye concentrations for in vivo
imaging (estimate around 20 mM). The
whole procedure is reminiscent of
in vivo juxtacellular labeling of neurons
with biocytin (Pinault, 1996).
Electroporation is widely used for
delivery of small molecules to the
cytosol. For example, electroporation of
DNA and RNA is a common method, March 15, 2007 ª2007 Elsevier Inc. 771
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PreviewsFigure 1. Different Protocols for Loading Organic Calcium Indicator Dyes In Vivo
(A) Single-cell loading via intracellular recording electrodes results in high contrast. Similarly,
targeted single-cell electroporation can be used to label one to a few cells with high contrast.
(B) Bulk loading of membrane-permeable dyes results in population loading but with diffuse
background.
(C) In the novel method described by Nagayama et al. in this issue of Neuron, dextran-conjugates
or the salt form of calcium indicators are delivered to a confined brain region through a glass
pipette (left). Repetitive electrical stimulation causes dye uptake into neuronal processes by local
electroporation. Following extracellular washout of the dye and intracellular diffusion, subsets of
neurons are labeled with high contrast.to transfect cells with specific genes,
both in vitro and in vivo (Haas et al.,
2001; Rathenberg et al., 2003). In addi-
tion, fluorescent dyes have been elec-
troporated into cells, including more
recently calcium indicator dyes (Teruel
et al., 1999; Bonnot et al., 2005; Nevian
and Helmchen, 2007). What is specific
about the new approach is that it
neither uses large area electrodes for
bulk electroporation (Teruel et al.,
1999; Bonnot et al., 2005) nor does it
specifically target individual neurons,
as it is possible in vitro and in vivo
(Nevian and Helmchen, 2007). Instead,
it is based on the presumption that
membranes of dendritic and axonal
processes passing through a confined
region surrounding the electroporation
pipette are permeabilized. The af-
fected region has an estimated diame-
ter of only a few tens of microns, which
poses an interesting boundary condi-
tion on the labeled network. Depend-
ing on the circuit organization in the
targeted brain region, networks with
different morphological characteristics
are loaded. For example, in the cere-
bellar cortex, local electroporation
stained parallel fibers and Purkinje
cells in a highly confined manner. In
the neocortex, the distribution of la-
beled pyramidal cells was more dis-
persed, consistent with the dendritic
field span of basal dendrites; and in
the olfactory bulb widely distributed
populations of mitral cells were filled,
presumably because any given region
is crisscrossed by many of their long
secondary dendrites. Although one772 Neuron 53, March 15, 2007 ª2007 Ecould expect that uptake into different
cell types should be unspecific within
the electroporation region, glial cells
were not labeled for unknown reasons.
An important issue with electropora-
tion is cell viability as the application of
a strong electric field near a lipid bilayer
transiently opens nonselective pores
and thus leads to a breakdown of the
membrane potential. Nagayama et al.
(2007) demonstrate that evoked field
potential in the olfactory bulb were
not affected by the loading procedure,
indicating that circuit responses are
not disrupted. Consistently, monitor-
ing the electroporation process di-
rectly using whole-cell recordings, we
found that neurons recover rapidly
and with high viability rate (Nevian and
Helmchen, 2007). Furthermore, the
biophysical properties of the cells, like
input resistance, resting membrane
potential, and action potential wave-
form were unaltered. Taken together
with the observation of calcium tran-
sients with normal shape in a number
of studies, these findings indicate that
electroporation is a rather gentle
staining method.
The local electroporation technique
has several advantages: (1) the proce-
dure is simple and functional staining
is obtained within a few hours. (2)
Dextran-conjugated and salt forms of
calcium indicators work equally well,
making a wide range of indicators
with different spectral properties and
Ca2+ affinities applicable. (3) The Golgi-
like staining of only a fraction of cells
with low background permits calciumlsevier Inc.imaging from subcellular compart-
ments. Nagayama et al. (2007) impres-
sively demonstrate this potential of the
method by recording calcium tran-
sients in axonal boutons and single
dendritic spines in vivo. Multicolor
labeling should even allow for simulta-
neous imaging of pre- and postsynap-
tic calcium dynamics at synaptic con-
tacts (Nevian and Helmchen, 2007).
(4) Cellular signals within the labeled
subpopulation may be interpreted in
terms of the circuit organization. For
example, Nagayama et al. (2007) mea-
sured odor-evoked responses in mitral
cell populations and could assign each
cell to its respective glomerulus. (5) The
method can easily be combined with
various other labeling and recording
techniques. Since any small molecule
can be delivered by electroporation,
coelectroporation of Ca2+ indicator with
other fluorophores or DNA is feasible.
An obvious disadvantage of the
local electroporation method is that
cell labeling is rather unspecific unless
the structure is highly ordered. Tar-
geted electroporation could help to
achieve labeling of better-defined sub-
populations (Nevian and Helmchen,
2007). Alternatively, genetically en-
coded calcium indicators (GECIs) are
promising tools, as their expression
can be targeted to specific cell types.
In fact, GECIs with improved sensitiv-
ity and functional expression in trans-
genic animals become now available
(Heim et al., 2007). The combination
of GFP expression and electroporation
of organic indicators (e.g., in two dif-
ferent colors) might also be useful, as
only those cells could be picked for
analysis that belong to a specific cell
class. On the network level, such ap-
proaches might help to elucidate the
functional role of cell subtypes in the
circuit. Another ambiguity is in how
far the new method can link network
dynamics and connectivity. Even with
sparse labeling and the possibility to
resolve dendrites and axons, light-
microscopic reconstruction of the
synaptic connectivity pattern seems
difficult, if not impossible.
In summary, this novel staining
method further expands the repertoire
of functional labeling techniques for
high-resolution imaging. It fills a niche
Neuron
Previewsbetween single cell loading, targeted
filling of a few cells, and staining of
complete populations using bulk load-
ing. The use of all these techniques—
alone or in combination—will provide
important steps toward the functional
characterization of local neural circuits
in the brain. Moreover, the simple
application to living animals might
facilitate novel imaging approaches
for optical recordings of neural activity
in awake, freely behaving animals.
REFERENCES
Bonnot, A., Mentis, G.Z., Skoch, J., and
O’Donovan, M.J. (2005). J. Neurophysiol. 93,
1793–1808.In the Eye of the
and Categories in
Johannes Haushofer1,2,* and Nancy K
1Department of Neurobiology, Harvard Me
2McGovern Institute for Brain Research, M
*Correspondence: haushof@fas.harvard.ed
DOI 10.1016/j.neuron.2007.03.003
How does experience change rep
resentations reflect category mem
training leads to sharpening of n
boundaries may be represented o
In 350 BC, Aristotle asked: ‘‘What is
there’’? His answer is given in the title
of his book: Categories. Ever since,
philosophers and scientists have
asked how we carve the world into
distinct categories.
Two millennia later, neuroscientists
have begun to tackle this question
with methods Aristotle could not have
dreamt of. Using single-cell recording
and functional magnetic resonance
imaging (fMRI), they can ask: what
are the neural mechanisms that un-
derlie categorization, and visual per-
ception in general? The first steps in
answering this question were made
when, in the 1950s, David Hubel and
Torsten Wiesel began to elucidate theHaas, K., Sin, W.C., Javaherian, A., Li, Z., and
Cline, H.T. (2001). Neuron 29, 583–591.
Heim, N., Garaschuk, O., Friedrich, M.W.,
Mank, M., Milos, R.I., Kovalchuk, Y., Konnerth,
A., and Griesbeck, O. (2007). Nat. Methods 4,
127–129.
Helmchen, F., and Denk, W. (2005). Nat.
Methods 2, 932–940.
Kerr, J.N., Greenberg, D., and Helmchen, F.
(2005). Proc. Natl. Acad. Sci. USA 102,
14063–14068.
Kno¨pfel, T., Diez-Garcia, J., and Akemann, W.
(2006). Trends Neurosci. 29, 160–166.
Miyawaki, A. (2005). Neuron 48, 189–199.
Nagayama, S., Zeng, S., Xiong, W., Fletcher,
M.L., Masurkar, A.V., Davis, D.J., Pieribone,
V.A., and Chen, W.R. (2007). Neuron 53, this
issue, 789–803.Beholder: Visual
the Human Bra
anwisher2
dical School, Boston, MA 02115, USA
assachusetts Institute of Technology, Cam
u
resentations of visual objects in t
bership? In this issue of Neuron
eural responses in high-level vis
nly in prefrontal cortex.
response properties of single neurons
in early visual cortical areas. Later, sci-
entists shifted their focus to more high-
level visual areas, such as inferotem-
poral cortex, where Bruce et al.
(1981) discovered single neurons that
respond selectively to complex object
categories like faces and hands. Most
recently, researchers have tackled the
central question of how cortical object
representations arise in the first place
and specifically how they may be
shaped by experience (Op de Beeck
et al., 2006; Baker et al., 2002).
In this issue of Neuron, Jiang et al.
(2007) report a study in which they
combine the old question about the
nature of categories with the con-
Neuron 53Nevian, T., and Helmchen, F. (2007). Pflugers
Arch., in press. 10.1007/s00424-007-0234-2.
Pinault, D. (1996). J. Neurosci. Methods 65,
113–136.
Rathenberg, J., Nevian, T., and Witzemann, V.
(2003). J. Neurosci. Methods 126, 91–98.
Stosiek, C., Garaschuk, O., Holthoff, K., and
Konnerth, A. (2003). Proc. Natl. Acad. Sci.
USA 100, 7319–7324.
Svoboda, K., Denk, W., Kleinfeld, D., and Tank,
D.W. (1997). Nature 385, 161–165.
Teruel, M.N., Blanpied, T.A., Shen, K.,
Augustine, G.J., and Meyer, T. (1999). J. Neu-
rosci. Methods 93, 37–48.
Tsien, R.Y. (1989). Annu. Rev. Neurosci. 12,
227–253.Experience
in
bridge, MA 02139, USA
he brain? Do cortical object rep-
, Jiang et al. show that category
ual cortex; in contrast, category
temporary neuroscientists’ question
about the origin of cortical object rep-
resentations. Inspired by previous
electrophysiological studies in mon-
keys (Freedman et al., 2001), they
ask: what are the neural mechanisms
that underlie the formation of visual
categories through experience? Spe-
cifically, does training sharpen neural
object representations? Further, is
neural sensitivity higher to differences
between stimuli belonging to different
categories compared to stimuli be-
longing to the same category?
In the new study, human partici-
pants were trained for an average of
5 hr to discriminate between two types
of cars. The cars came from a morphed
, March 15, 2007 ª2007 Elsevier Inc. 773
